(BNNT) and an outside semiconducting MoS2 nanotube. As the technique is highly applicable to other materials in the current 2D libraries, 4-6 we anticipate our strategy to be a starting point for discovering a class of new semiconducting nanotube materials. A plethora of function-designable 1D heterostructures will appear after the combination of CNTs, BNNTs and semiconducting nanotubes. When playing Lego blocks, one usually starts from a green baseplate, on which various structures are built. In this study, the baseplate is single-walled carbon nanotube (SWCNT). 7 SWCNT is chosen as this starting material for several reasons. First and foremost it is so far the best-studied 1D material and can be synthesized in many controlled geometries. Second, SWCNT can be a good conductor so it may serve as the electrode for a future device. The SWCNT film (which we used in most of the following demonstrations) has a sheet resistance about 80 ohm/sq. at 90%, comparable to the indium tin oxide (ITO) films that are widely used in modern technology. 8 The schematic of 1D
Lego blocks and vdW heterostructures are presented in Figure 1a -b.
First, we present a SWCNT-BNNT 1D heterostructure before MoS2 and other structures. We utilized SWCNTs as a template and synthesized additional hexagonal BN layers by chemical vapor deposition (CVD). 11 This open edge growth mechanism is supported by the many growth step edges observed in an intermediated growth condition (Figure 2a-c) . These steps also allow us to take nano-area electron diffraction (NED) patterns 12 of the pristine SWCNT and the same tube after BNNT growth. In this case, a (17,13) SWCNT is wrapped by a (33, 3) single-walled BNNT (Another example shown in Figure S5 ). Even without the steps, the 2% of lattice difference between SWCNT and BNNT 13 allows to distinguish them in the ED patterns. We performed chiral angle analysis shown ( Figure S6 , S7, Table   S1 ). Figure S9 ) This is as far as we know one of the first TEM images evidencing the existence of single-walled MoS2 nanotube. We emphasize there single-walled MoS2 nanotube because multi-walled tubes (usually 20 nm or above) and its hybrid materials have been known for decades. [20] [21] [22] Single-walled MoS2 nanotube is predicted to have direct band-gap so its properties can probably be distinctively different from its thicker multi-walled counterparts. 23 Also, quantum confinement is expected to be significant in a single-walled MoS2 nanotube with this small diameter. 24 Most importantly, formation of a MoS2 nanotube suggests that other single-walled TMD nanotubes, e.g. WS2, WSe2, may also be produced by a similar approach. Hence, for this single-layer feature, largely curved, quantum-confineable TMD nanotubes, we foresee lots of interesting research topics in spectroscopy, device, and others. Figure 3d , which suggests that, in small diameter range, strain energy is significantly higher. This result is comparable to some previous attempts using density-functional-based tight binding (DFTB) available in literature. 23, 25 If compared to SWCNTs, 26 this strain energy is much higher. This can be simply interpreted as a thickness effect: as single layer of MoS2 contains three atomic planes and much unstable to roll into a tubular structure. This is probably why MoS2 nanotubes were only seen as multi-walled or on multi-walled CNTs previously. 20, 27 According to this result, the minimum diameter of single-walled MoS2 nanotube should be significantly larger than SWCNTs. This prediction is surprisingly consistent with our experimental observations. The tubes ( Figure S9c-f The optical absorption spectrum (Figure 4f ) of the sample clearly reveals the photon absorption from three different layers. The EELS mapping of another nanotube is provided in Figure S9g . Such a structure can probably be the smallest metal-insulatorsemiconductor device demonstrated so far. Field effect of the outside MoS2 may be measured using the inner SWCNT gate, and photo-response, photovoltaic effect may also be expected in such 1D vdW heterostructures.
In conclusion, we have extended the concept of vdW heterostructures to a different dimension. It is highly possible that the synthetic technique shown here can be employed to generate a class of new nanotube materials and a series of more sophisticated combinations. One dimensional vdW heterostructures may bring numerous research interests in material synthesis, crystallography, optics, device physics, catalysis, and probably also some others that are still unforeseen.
